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Abstract: Data of the Grande extension of the KASCADE experiment allows us to study extensive air showers
induced by primary cosmic rays with energies above 1016 eV. The energy of an event is estimated in terms of
the number of charged particles (Nch) and the number of muons (Nµ) measured at an altitude of 110ma.s.l.
While a combination of the two numbers is used for the energy, the ratio defines the primary mass (group). The
spectrum of the combined light and medium mass components, recently measured with KASCADE-Grande, was
found to be compatible with both a single power-law and a broken power-law in the energy range between 1016.3
and 1018 eV. In this contribution we will present the investigation of possible structures in the spectrum of light
primaries with increased statistics both from a larger data set including more recent measurements and by using
a larger fiducial area than in the previous study. With the better statistical accuracy and with optimized selection
criteria for enhancing light primaries we have found evidence for a hardening (ankle) of the spectrum of the light
component at an energy of 1017.08±0.08 eV.
Keywords: KASCADE-Grande, ultra-high energy cosmic rays, air-showers
1 Introduction
There are two major features in the spectrum of cosmic
rays: the knee at an energy of around 4× 1015 eV; and the
ankle at about 4× 1018 eV. It is commonly believed that
cosmic rays with energies below the knee originate from
sources within our galaxy, whereas cosmic rays with en-
ergies above the ankle are believed to be of extragalac-
tic origin. In these models, the transition from galactic to
extragalactic origin of cosmic rays is generally expected
(see e.g. [1, 2, 3]) to take place in the energy range be-
tween the heavy knee and the ankle, i.e. between 1017 and
1019 eV [4]. Most of the models assume that the extragalac-
tic component is dominated by light primaries. Therefore,
a contribution of extragalactic cosmic rays should be vis-
ible as a hardening of the energy spectrum of light ele-
ments. The KASCADE-Grande experiment [5] allows us
to study air-showers induced by cosmic rays having a pri-
mary energy between 1016 and 1018 eV. The data recorded
with KASCADE-Grande can be used to estimate both the
primary energy and the mass of an incident particle on an
event-by-event basis using the reconstructed total number
of charged particles (Nch) and the total number of muons
(Nµ) reaching detector level at a mean atmospheric depth
of 1022g/cm2. Covering an energy range being of high in-
terest for the transition, the present study aims to search for
structures in the spectrum of light primaries using the re-
construction and analysis procedures described below and
in more detail in [6, 7].
2 Experimental setup
The layout of the KASCADE-Grande experiment is dis-
played in Fig. 1. The Grande array consists of 37 scintil-
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Figure 1: Layout of the KASCADE-Grande experiment.
The area used in this analysis is indicated by the dotted
line. The Grande stations (rectangles) had to be arranged
to fit between the buildings. Therefore the stations are
irregularly distributed and the missing station at around
(−600, −100)m is the reason for the rectangular cut be-
tween −80m≤ Y ≤ −200m. The original KASCADE ar-
ray is located in the upper right corner.
lation detector stations distributed over an area of 700×
700m2. Each detector has a sensitive area of 10m2. The
energy threshold for a charged particle to be registered is
about 3MeV. The arrival direction and the core position
are first estimated using the arrival times and particle den-
sities measured by the KASCADE-Grande stations. The
number of charged particles at observation level is then re-
constructed together with the final value of the core posi-
tion by a fit of an appropriate lateral distribution function
to the particle densities in the KASCADE-Grande detec-
tors. The final value of the arrival direction is obtained by
a time fit using the final core position (See [5] for details).
Equipped with 192 shielded scintillation detectors
(3.2m2 each), the original KASCADE array is used to de-
rive the total number of muons in a similar way using the
core position supplied by KASCADE-Grande. The needed
energy for vertical incident muons to pass the iron (4cm)
and lead (10cm) shielding is about 230MeV.
The reconstruction accuracies for Nch and Nµ are shown
in Fig. 2. They are calculated using Monte Carlo simu-
lations. For the simulations, the CORSIKA code [9] was
used employing the QGSJET-II-2 high energy hadronic in-
teraction model [10] in case of high energy interactions
and Fluka (version 2002.4) [8] in case of interactions at
low energies. Using only events with core positions in-
side the area shown in Fig. 1 and zenith angles below 40◦,
the reconstruction accuracy for Nch ≈ 106 is about 22%.
Above 106.6 charged particles, the accuracy is almost con-
stant and is around 15%. For Nµ ≈ 105.3 the reconstruction
accuracy is about 24% quickly improving towards higher
Nµ to below 10% in the relevant energy range.
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Figure 2: Reconstruction accuracies for Nch and Nµ. Only
events with core positions inside the area shown in Fig. 1
and zenith angles below 40◦ are taken into account.
3 Analysis Method
The primary energy is estimated using a combination of
Nch and Nµ (Eqs.(1, 2)). The mass dependence of the re-
constructed number of charged particles for a given pri-
mary energy is shown in Fig. 3, where Nch is smaller for
iron primaries compared to protons. This is mainly due to
the lower atmospheric depth at which the first interaction
occurs for heavier cosmic rays. This mass dependence of
the reconstructed energy is taken into account in terms of
the parameter k (Eq.(2)) assuming that the two relevant ex-
treme cases are proton and iron primaries. The k param-
eter utilizes the differences in the ratio of Nch to Nµ be-
tween proton and iron primaries. The ratios are shown in
Fig. 4 for the first out of five zenith angular intervals. The
separation of the analysis in five zenith angle intervals of
equal exposure is done to take the shower attenuation into
account. The upper limits are 16.7◦, 24◦, 29.9◦, 35.1◦ and
40◦.
As a function of log10 Nch, k is centered around 0 for
protons increasing with the mass of the primary particle to
become 1 for iron, see also reference [11].
log10(E/GeV) = (aH +(aFe− aH) · k) · log10(Nch)
+ bH +(bFe− bH) · k (1)
k = log10(Nch/Nµ)− log10(Nch/Nµ)H
log10(Nch/Nµ)Fe− log10(Nch/Nµ)H
, (2)
log10(Nch/Nµ)H,Fe = cH,Fe · log10(Nch)+ dH,Fe, (3)
a, b, c and d are obtained by fitting linear functions to
the mean log10 Etrue (coefficients a and b) and to the mean
log10(Nch/Nµ) (coefficients c and d) of simulated events as
a function of the logarithm of their reconstructed number
of charged particles. This is also shown in Fig. 3 and Fig. 4.
The energy resolution and the mean difference between the
reconstructed energy and the simulated energy are shown
in Fig. 5 for a pure proton/iron component and for a mixed
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Figure 3: The simulated primary energy as a function of
the number of charged particles.
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Figure 4: The ratio of the reconstructed number of charged
particles over the number of muons as a function of the
number of charged particles.
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Figure 5: The mean difference between the reconstructed
energy and the simulated energy and its root mean square.
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Figure 6: The mean values of k over the reconstructed
energy are shown for events with zenith angles between
0◦− 24◦, and five different primaries. For comparison, the
measured data (empty squares) is also shown (shifted from
the bin center to the right for better visibility of the error
bars). The error bars represent the RMS for the measured
data and the error of the mean for the simulated data. The
continuous line is used to separate the events into a light
and a heavy component, where the dashed lines depict the
uncertainty of the separation, taking into account also the
reconstruction uncertainty of k.
component of five elements (H, He, C, Si, and Fe, 20%
each). The negative mean differences ensure that the events
are not systematically shifted towards higher energies be-
cause of the steep spectrum. At an energy of 1016.6 eV the
energy resolution is about 22.1% and around 16.1% at an
energy of 1017.8 eV.
The mass sensitive parameter k can also be used to sep-
arate the events into two mass groups. In Fig. 6 the mean
k-value is shown as a function of the reconstructed energy.
By fitting a linear function to the ksep(E) = [kHe(E)/2+
kCNO(E)/2] distribution the event can be assigned to a
mass group by comparing the k-value of the event with
the corresponding value of the fitted separation line. The
dashed lines are used to estimate a possible error of the
separation, taking also the reconstruction uncertainty of k
into account. In order to obtain these lines, ksep is shifted
up/down by the statistical and systematic uncertainties of
k, before the fit is performed.
4 Results and Conclusion
Applying the analysis to measured data results in the spec-
tra shown in Fig. 7. The total systematic uncertainty for
the all-particle spectrum is about 11.6% at an energy of
1016.6 eV and around 24.4% at an energy of 1017.8 eV. A
detailed description of the considered sources of system-
atic uncertainties is given in [7]. For the fits, Eq.(4) [12] is
used.
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Figure 7: The all-particle spectrum and the spectra of
heavy and light primaries using the separation line shown
in Fig. 6. For the spectrum of light elements, an estimate
of a possible error of the separation is also shown.
dI
dE (E) = I0 ·E
γ1 · [1+( E
Eb
)ε ](γ1−γ2)/ε ,
I0 : normalization factor,
γ1/2 : index before/after the bending,
Eb : energy of the break position,
ε : smoothness of the break.
(4)
The spectrum of the heavy component exhibits a change
of index at E = 1016.88±0.03 eV confirming the iron-knee as
published in [6]. An ankle-like feature is visible in the spec-
trum of light elements at an energy of 1017.08±0.08 eV. At
this energy, the spectral index changes from γ1 =−3.25±
0.05 to γ2 =−2.79± 0.08.
It is worth pointing out that the changes in the spectrum
of heavy primaries and in the spectrum of light elements
are not connected by a bias in the separation or reconstruc-
tion procedures. If this would be the case, the bending in
the spectrum of heavy particles would be visible at an en-
ergy higher than the ankle-like feature in the spectrum of
light primaries, because a heavy primary reconstructed as
a light particle would be reconstructed with a lower energy.
The statistical significance that the shown spectrum of
light elements cannot be described by a single power law
is about 5.8σ . This value corresponds to the Poisson prob-
ability P(N ≥ Nmeas) = ∑∞k=Nmeas(
Nkexp
k! e
(−Nexp)) ≈ 7.23×
10−09 to measure at least Nmeas = 595 events above the
ankle-like feature if Nexp = 467 events are expected accord-
ing to a single power law obtained by a fit to the data points
below the bending.
Using EPOS or SIBYLL as underlying hadronic inter-
action model same results are obtained, but with a varia-
tion of the position of the ankle-like structure of the spec-
trum of light primaries (See e.g. [13]). Due to differences
in the high energy hadronic interaction models regarding
the number of produced muons, it is also not possible to
tell if the shown spectrum of light particles consists mainly
of protons and helium primaries or if it is an almost pure
proton spectrum. This is shown in [14] where a pure pro-
ton spectrum simulated using the EPOS (version 1.99 [15])
high energy hadronic interaction model is very similar
to a reconstructed spectrum of light primaries using the
same EPOS generated events and a QGSJet-II-2 calibra-
tion. For simulations using the QGSJet-II-2 model, the re-
constructed spectrum of light elements well reproduces a
combined proton and helium spectrum.
In summary, after separating the events into a light
and a heavy component, an ankle-like feature is observed
in the spectrum of the light component at an energy of
1017.08±0.08 eV. The slope index of the underlying power
law changes at this energy from −3.25± 0.05 to −2.79±
0.08, which might be an indication that the transition from
galactic to extragalactic origin of cosmic rays starts already
in this energy range.
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